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1.2 Structure 
1.2.1 Trinuclear complexes 
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Figure 1: General structure for trinuclear complexes.
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1.2.2 Higher nuclearity complexes 
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Figure 2: Examples of (a) a cube structure, [Cr12O8(OH)4(O2CCHMe2)16(HOCCHMe2)4][66] and (b) 
a wheel structure, [Cr9NiF12(O2CCMe3)18][68]. 
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Figure 3: Example of a cage structure, [Fe11O6(OH)6(O2CCH2C(CH3)3)15][67] 
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Figure 4: Structure of a dinuclear chromium complex with a hydroxide or oxide bridge.
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Figure 5: Structure of a chromium olation polymer. 
 
1.3 Magnetic Properties 
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Figure 6: The molecular orbital arising from (a) a small MOM angle giving a ferromagnetic 
interaction and (b) a large MOM angle giving an antiferromagnetic interaction 

2&A$,.	'#(#	3
 *	 	' 	' 15) 
	  
()"		*	
*		*' 	.
*   	 (  *	    ))  
)2&.	'#(#	3
*			'	'15) 
	 
M MO
 dx2-y2 
 dx2-y2 
 dx2-y2 
 py 
 py 
M
 dx2-y2 
 dx2-y2 
MO
 px 
 px  py 
 py 
 dx2-y2 
b 
a 
  12 
 
.(() "	 	 * 	 *
  	 *   	 '   	  . *
  	 (  *	  (  ))  
C%#D)

1  '.*	 	  	!  . 
 	 		!	
 *	! ) 
	 * 
		')
		
&   	      	   	
)
	'
*	            !  	
   	 	   	 ')  	 
'	! 	
		')


	*		'
	3*)			
*.		'
	!)/		'	
!)"	*	!	
	 	 '*    	  	  *)
"	 	 . 	   	 ' 3*  )
1 '.   - 1 %*	     
.	-*			--)2	
  13 
 
	*	-Q-		-Q-		
-	**	C%<D)
A
B C 
Figure 7: Magnetic interactions of a metal triangle 
 
1.3.2 Single-molecule magnets (SMMs) 
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Figure 8: Structure of the Mn12 SMM core (Mn12 benzoate). 
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Figure 9: The three polymerisation reactions of norbornene catalysed by a polynuclear complex. 
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1.4.3 Physics 
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Figure 10: Energy wells of a SMM with a spin state S=5 showing a) no quantum tunnelling  
b) thermally assisted quantum tunnelling and c) pure quantum tunnelling. 
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1.5 Synthesis 
1.5.1 Trinuclear complexes 
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1.5.1.1 Carboxylic acid method 
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1.5.1.2 Carboxylate method 
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1.5.1.3 Anhydride method 
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1.5.2 Higher nuclearity complexes 
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1.5.2.1 High temperature synthesis 
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1.5.2.2 Solvothermal 
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1.5.2.3 Microwave 
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1.6 Analysis 
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1.6.1 Nuclear Magnetic Resonance (NMR) 
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1.6.2 Mass spectroscopy 
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Figure 11: Stretching modes of the metal core observed in IR or Raman spectroscopy. 
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1.6.4 X-ray crystallography 
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1.7 Thermal Analysis 
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1.7.1 Thermogravimetric analysis  
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1.7.2 Evolved gas analysis  
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1.8 Research Aims 
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2 Synthesis and Characterization 
 
2.1 Chemicals and Equipment 
-				'*		
 		-	=	 !) 
		
**) 
		
*)

2 	 		  	   '.  *   
I	I		0-(<$$
)43		.			
*/'	E#@+$@
8	*			
	   	   ! 	 )  2    	 	
*	*.	*	
	!)

 	 	 ' *      
) 2*8
=3(/  & 1
(29 )  
	    
'*& !)

		    / 	 !    '
'./		!)
	
   	 	    	   
  28 
 
*		  	 	  *       	 
')  		 	  * 	   !  . 
)" 			./*
			*3)

G( 	  *     	    
36*			--4
 - !) 
	* !*		'. 
*		'(A%C@@<D!@)E)@C@@ED)


	! 
0*	I

0(+$)/!!*		*
 *		*   3   
! )  
	 *   * 	  	 -    6-
*)
	*		/0(.*		;
@) 
	>IH@$$)
#) *O@$$,-.	*!)
<) 1	I.	!!
	3	)
	
					!
	)
E) "		
		)	*
	*	!3)
  29 
 
+) /!!		!>IH@E#B
	)
	&#	
>IH<#)

	*
0/0(*/'A%)

2.2 Low Nuclearity Complexes 
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2.2.1 Iron complexes 
2.2.1.1 [Fe3O(O2CCH3)6(py)3]NO3 
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1
 Relative intensity: s = strong, m = medium, w = weak, vw = very weak. 
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2.2.1.2 [Fe3O(O2CC6H5)6(H2O)3]NO3·2CH3OH 
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2.2.1.3 [Fe3O(O2CC6H5)6(H2O)3]Cl·H2O 
#)##I@+@+<**
@)$$1-<JA#&<#$
<	)	>
 * !!  ! H @)B+.
55[)

@5##!*.@5$@.@+5E.@+E5*.@+@B*.@EA<*.@EE5*.@E$5.@<5$!*.
@<$%!*. @#5$!*. @@%B*. @@+B!*. @$AA!*. @$%@*. @$#+*. A%+!*. A<5!*.
B%<!*.BE@!*.B@A!*.%#@.5B%*.5%+.5<#*.5#@*.+EE!*.EB@(@)

2.2.1.4 [Fe3O(O2CC6H4-3-Cl)6(H2O)3]NO3·CH3OH 
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2.2.1.6 [FeIII2FeIIO(O2CC6H5)6(H2O)3]·2H2O 
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2.2.1.7 [Fe3O(O2CCH(C6H5)2)6(H2O)3]NO3 
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2.2.2 Chromium complexes 
2.2.2.1 [Cr3O(O2CC6H5)6(H2O)3]NO3·CH3COCH3 
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2.2.2.2 [Cr3O(O2CC6H5)6(H2O)3](O2CC6H5) 
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2.2.2.3 [Cr3O(O2CC6H5)6(H2O)3]Cl·1.5H2O 
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2.2.2.4 [Cr3O(O2CC6H5)6(H2O)3]SCN 
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2.2.2.5 [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·2CH3COCH3 
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2.2.2.6 [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·CH3OH: 
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2.2.2.7 [Cr2n{(OH)(O2CC6H5)2}2n-1](NO3)3-x·(O2CC6H5)x·yH2O 
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 Due to the variable composition of the final product, a percent yield is unable to be determined 
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2.3 High Nuclearity Complexes 
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2.3.1 Iron complexes 
2.3.1.1 [Fe6O2(OH)2(O2CC6H4-3-Cl)12(H2O)2] 
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2.3.1.2 [Fe6O2(OH)2(O2CC6H5)12(H2O)2] 
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2.3.2 Chromium complexes 
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2.3.2.1 [Cr6O2(OH)2(O2CC6H4-3-Cl)12(H2O)2] (Proposed) 
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2.3.2.2 [Cr6O2(OH)2(O2CC6H4-3-Cl)11]·[Cr6O4(O2CC6H4-3-Cl)11] (Proposed) 
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2.3.2.3 [Cr6O2(OH)2(O2CC6H5)11]·[Cr6O4(O2CC6H5)11] (Proposed) 
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3  Results and Discussion 
 
3.1 X-ray Crystallography 
3.1.1  [Fe3O(O2CC6H4-3-Cl)6(H2O)3]NO3·H2O 

Figure 12: Crystal Structure of [Fe3O(O2CC6H4-3-Cl)6(H2O)3]+ with 50% thermal ellipsoids 
(hydrogen atoms omitted for clarity). 
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Table 1: Selected bond lengths [Å] and angles [°] for [Fe3O(O2CC6H4-3-Cl)6(H2O)3]NO3·H2O. 
______________________________________________________________________ 
  
	
            Fe(1)-O(1)                    1.905(3) 
            Fe(1)-O(11)                   2.015(4) 
            Fe(1)-O(12)                   2.002(3) 
            Fe(1)-O(13)                   1.980(4) 
            Fe(1)-O(14)                   2.013(3) 
            Fe(1)-OW1                     2.079(3) 
            Fe(2)-O(1)                    1.900(3) 
            Fe(2)-O(21)                   2.021(4) 
            Fe(2)-O(22)                   2.001(3) 
            Fe(2)-O(23)                   1.984(4) 
            Fe(2)-O(24)                   1.994(4) 
            Fe(2)-OW2                     2.115(4) 
            Fe(3)-O(1)                    1.908(3) 
            Fe(3)-O(31)                   2.003(4) 
            Fe(3)-O(32)                   2.026(4) 
            Fe(3)-O(33)                   2.023(4) 
            Fe(3)-O(34)                   2.018(4) 
            Fe(3)-OW3                     2.098(4) 
   
 
            Fe(1)-O(1)-Fe(2)            119.32(17) 
            Fe(1)-O(1)-Fe(3)            120.64(17) 
            Fe(2)-O(1)-Fe(3)            120.01(17) 
]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]

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Figure 13: Unit cell of [Fe3O(O2CC6H4-3-Cl)6(H2O)3]NO3·H2O looking down the (010) plane 
showing the hydrogen bonding between the cations.
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3.1.2 [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·H2O 

Figure 14: Crystal Structure of [Cr3O(O2CC6H4-3-Cl)6(H2O)3]+ with 50% probability ellipsoids 
(hydrogen atoms omitted for clarity). 
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Table 2: Selected bond lengths [Å] and angles [°] for [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·H2O. 
______________________________________________________________________  
             
  	
      Cr(1)-O(1)                    1.899(4) 
            Cr(1)-O(11)                   1.955(4) 
            Cr(1)-O(14)                   1.969(4) 
            Cr(1)-O(13)                   1.972(4) 
            Cr(1)-O(12)                   1.975(3) 
            Cr(1)-OW1                     2.040(4) 
            Cr(3)-O(1)                    1.903(4) 
            Cr(3)-O(32)                   1.954(4) 
            Cr(3)-O(34)                   1.960(4) 
            Cr(3)-O(31)                   1.963(4) 
            Cr(3)-O(33)                   1.978(4) 
            Cr(3)-OW3                     2.083(5) 
            Cr(2)-O(1)                    1.904(3) 
            Cr(2)-O(22)                   1.957(4) 
            Cr(2)-O(21)                   1.973(5) 
            Cr(2)-O(23)                   1.978(6) 
            Cr(2)-O(24)                   1.982(4) 
            Cr(2)-OW2                     2.076(4) 
  

            Cr(1)-O(1)-Cr(3)            119.49(18) 
            Cr(1)-O(1)-Cr(2)            120.89(19) 
            Cr(3)-O(1)-Cr(2)            119.60(19) 
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Figure 15: Unit cell of [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·H2O looking down the (010) plane 
showing the hydrogen bonding between the cations. 
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3.1.3 [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·CH3OH 

Figure 16: Crystal structure of [Cr3O(O2CC6H4-3-Cl)6(H2O)3]+ with 50% thermal ellipsoids 
(hydrogen atoms omitted for clarity). 

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Table 3: Selected bond lengths [Å] and angles [°] for [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·MeOH. 
______________________________________________________________________ 
	
            Cr(1)-O(1)                    1.907(4) 
            Cr(1)-O(11)                   1.983(4) 
            Cr(1)-O(12)                   1.979(4) 
            Cr(1)-O(13)                   1.980(4) 
            Cr(1)-O(14)                   1.995(4) 
            Cr(1)-OW1                     2.053(4) 
            Cr(3)-O(1)                    1.907(4) 
            Cr(3)-O(31)                   1.977(4) 
            Cr(3)-O(32)                   1.958(4) 
            Cr(3)-O(33)                   1.983(4) 
            Cr(3)-O(34)                   1.963(4) 
            Cr(3)-OW3                     2.082(4) 
            Cr(2)-O(1)                    1.920(4) 
            Cr(2)-O(21)                   1.985(4) 
            Cr(2)-O(22)                   1.968(4) 
            Cr(2)-O(23)                   1.981(4) 
            Cr(2)-O(24)                   1.972(4) 
            Cr(2)-OW2                     2.055(4) 
 

            Cr(3)-O(1)-Cr(1)            119.14(19) 
            Cr(3)-O(1)-Cr(2)            120.11(18) 
            Cr(1)-O(1)-Cr(2)            120.7(2) 
______________________________________________________________________ 
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
Figure 17: Unit cell of [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·MeOH looking down the (011) plane 
showing the hydrogen bonding between the cations.

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3.1.4 [Fe6O2(OH)2(O2CC6H4-3-Cl)12(H2O)2]3CH3CN 
 
Figure 18: Crystal structure of [Fe6O2(OH)2(O2CC6H4-3-Cl)12(H2O)2] with 50% thermal ellipsoids 
(hydrogen atoms omitted for clarity). 
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Table 4:Selected bond lengths [Å] and angles [°] for [Fe6O2(OH)2(O2CC6H4-3-Cl)12(H2O)2]3MeCN.
______________________________________________________________________ 
	
            Fe(1)-O(1)                    1.9550(17) 
            Fe(1)-O(2)                    1.968(2) 
            Fe(1)-O(11)                   2.0259(18) 
            Fe(1)-O(12)                   2.022(2) 
            Fe(1)-O(13)                   2.043(2) 
            Fe(1)-O(14)                   2.022(2) 
            Fe(2)-O(1)                    1.8777(18) 
            Fe(2)-O(21)                   2.009(2) 
            Fe(2)-O(22)                   2.042(2) 
            Fe(2)-O(23)                   2.023(2) 
            Fe(2)-O(24)                   1.999(2) 
            Fe(2)-OW1                     2.114(2) 
            Fe(3)-O(2)1                    1.9443(19) 
            Fe(3)-O(1)                    1.9568(17) 
            Fe(3)-O(31)                   2.0441(19) 
            Fe(3)-O(32)                   2.007(2) 
            Fe(3)-O(33)                   2.042(3) 
            Fe(3)-O(34)                   2.010(2) 
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            Fe(2)-O(1)-Fe(1)             118.68(9) 
            Fe(2)-O(1)-Fe(3)             118.52(9) 
            Fe(1)-O(1)-Fe(3)             122.79(9) 
            Fe(3)1-O(2)-Fe(1)            135.95(11) 
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Figure 19: Unit cell of [Fe6O2(OH)2(O2CC6H4-3-Cl)12(H2O)2]3MeCN looking down the (010) plane. 
 
3.1.5 Discussion of Structural Results 
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3.2 Infrared Spectroscopy 
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3.2.1 Iron complexes 
3.2.1.1 Acetate trinuclear complex 
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3.2.1.2 3-Chlorobenzoate complexes 
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3.2.1.3 Benzoate complexes 
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3.2.1.4 Diphenylacetate complexes 
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3.2.2 Chromium complexes 
3.2.2.1 3-chlorobenzoate complexes 
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3.2.2.2 Benzoate complexes 
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Table 5: Possible ion fragments and corresponding m/z values. 
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Figure 20: Isotope ratios of a CO2 signal – 13CO2m/z = 45 (1.1) and 18OCOm/z =46 (0.4)
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3.3.1 Iron complexes 
3.3.1.1 [Fe3O(O2CCH3)6(H2O)3]NO3 
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Figure 21: TGA and EGA-MS of [Fe3O(O2CCH3)6(H2O)3]NO3 
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3.3.1.2  [Fe3O(O2CPh)6(H2O)3]NO3·2MeOH 
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Figure 22: TGA and EGA-MS of [Fe3O(O2CC6H5)6(H2O)3]NO3·2MeOH 
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3.3.1.3  [Fe3O(O2CC6H5)6(H2O)3]Cl 
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Figure 23: TGA and EGA-MS of [Fe3O(O2CC6H5)6(H2O)3]Cl 
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Figure 24: TGA and EGA-MS of [FeIII2FeIIO(O2CC6H5)6(H2O)3]·2H2O 
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3.3.1.5 [Fe3O(O2CC6H4-3-Cl)6(H2O)3]NO3·MeOH 
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 Figure 25: TGA and EGA-MS of [Fe3O(O2CC6H4-3-Cl)6(H2O)3]NO3·MeOH 
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3.3.1.6 [Fe3O(O2CC6H4-3-Cl)6(H2O)3]Cl·H2O  
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Figure 26: TGA and EGA-MS of [Fe3O(O2CC6H4-3-Cl)6(H2O)3]Cl·H2O 
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3.3.2 Chromium complexes 
3.3.2.1 [Cr3O(O2CPh)6(H2O)3]NO3·CH3COCH3 
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Figure 27: TGA and EGA-MS of [Cr3O(O2CC6H5)6(H2O)3]NO3·CH3COCH3 
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3.3.2.2 [Cr3O(O2CPh)6(H2O)3]Cl  
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Figure 28: TGA and EGA-MS of [Cr3O(O2CC6H5)6(H2O)3]Cl·1.5H2O 
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3.3.2.3 [Cr3O(O2CPh)6(H2O)3]SCN 
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Figure 29: TGA and EGA-MS of [Cr3O(O2CC6H5)6(H2O)3]SCN 
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3.3.2.4 [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·2CH3COCH3 
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Figure 30: TGA and EGA-MS of [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·2CH3COCH3 
 
   	 
0  /0(  C-<&&#--5E(<(-5(
#&<D6&<J#-<-&-<	*1<$)2	
0	%)<[
* #+(A<,- *		   	   	 M  	  
@)5-<-&-<H%)$[)
		/0(!
	     '  	   	   	 
	)
	>IH+B!	
/0(  5E,-  3 PBB,-   )  * A<(##<,- 	  
%)+[*				.	
* 	 	 $)E-<-&-<F6&<F
#&H%)%[)

 3		I'.*		I!*
. 	 -&#   	 	 <(	I   ! 
) 
	-&#   	/0(  !  #@B,- 3 
<@@,- 	!E%$,-) 1*		
   	 *   . 	      <E)$[ *
  81 
 
##<(E#E,-)  
	     	   	 I 
5-&#F@)%-5+-H<E)$[)

*E#E(E5A,-	<<)E[*		!
	/0()
		.@%)#[	.
			'.-#&<@%)@[)


	   	    		  	 ' *	
C-<&&#--5E(<(-5#&<D6&<J#-<-&-< 	@@$,-*		

0/0(	)@@$,-	/0(		
	   			M) 
	
0
			*	
 ) "	 	 * 	 	 
I*)

3.3.2.5 [Cr2n{(OH)(O2CC6H5)2}2n-1](NO3)3-x·(O2CC6H5)x·yH2O (n)1) 
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Figure 31: TGA and EGA-MS of [Cr2n{(OH)(O2CPh)2}2n-1](NO3)3-x·(O2CPh)x·yH2O 
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3.4 Thermal Analysis Discussion 
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3.4.1 Carboxylate ligands 
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3.4.6.1 Thermal hydrolysis 
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3.4.6.2 Reductive elimination 
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Figure 32: Formation of organic and metal radicals from the homolytic cleavage of the carboxylate 
bridging ligand. 
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Figure 33: Proposed mechanism for the reductive elimination of a benzoate ligand. 
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4 Conclusions 
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4.1 High Temperature Synthesis 
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6 Appendices 

6.1 X-ray Crystal Data 
6.1.1 [Fe3O(O2CC6H4-3-Cl)6(H2O)3]NO3·H2O 
6.1.1.1 Crystal data and structure refinement. 
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6.1.1.2 Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2 x 103) 
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6.1.1.3 Bond lengths [*] and angles [°]. 
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6.1.2 [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·H2O 
6.1.2.1 Crystal data and structure refinement. 
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6.1.2.2 Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2 x 103) 
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6.1.3  [Cr3O(O2CC6H4-3-Cl)6(H2O)3]NO3·MeOH 
6.1.3.1 Crystal data and structure refinement. 
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6.1.3.2 Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2 x 103) 
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6.1.4  [Fe6O2(OH)2(O2CC6H4-3-Cl)12(H2O)2]3MeCN 
6.1.4.1 Crystal data and structure refinement. 
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6.1.4.2 Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2 x 103) 
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6.1.4.3 Bond lengths [*] and angles [.]. 
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